The post-buckling behavior of composite ships' stiffened plate panels has been studied. In this study, the average strain-average stress curves for these panels are derived using progressive failure method as well as nonlinear finite element method. The boundary conditions are appropriate for the continuous plate panels used in shipbuilding. The effects of the aspect ratio, initial geometrical imperfection and stiffener size on the post-buckling of these stiffened panels are evaluated.
INTRODUCTION
The application of composite materials in marine industries is so ever-increasing that nowadays high-and medium-length ships are being built of them. Besides, assessment of the ultimate strength of composite ships is of great concern owing to their great lengths. It is clear that the composite stiffened plate panels are the main building components of such ships and thus, derivation of their average stress -average strain curves plays an important role when estimating the ultimate strength of composite ships.
Investigation of the behavior of composite panels during failure is a very complicated task because of the complexity in calculating failure modes as well as the responses of composite materials. Many studies have been performed on mitigating the risks embedded in designing these structures, and numerous methods have been put forth for modeling the failure of composite materials one of which is progressive failure method. As known, in this method, the applied load is increased incrementally and the state of the structure is then examined at each stage of loading by using one of the failure criteria. If a failure occurs in one laminate, the mechanical properties of that certain lam-inate are reduced according to the applied model. Since the failure criteria of composite materials can be applied providing that the stress distribution in structure is precisely given, it is necessary to compute stress distribution by finite element or finite strip methods in progressive failure method.
In addition, the study on the behavior of the composite materials by using progressive failure method has attracted many researchers. Figure 1 illustrates a history of the major studies carried out in this field based on different stress analysis methods such as finite element and finite strip ones. In these researches, various failure criteria like Tsai-Wu, Maximum stress, Hashin, etc. are utilized.
Figure 1: History of the major studies carried out on progressive failure assessment of composite panels.
As mentioned earlier, the use of failure criteria for composite materials necessitates the accurate stress distribution. Table 1 lists some research studies conducted by using progressive failure analysis based on FEM. Sandhu et al. (1983) Composite laminates containing a pin loaded hole Total strain energy failure criterion Ochoa and Engblom (1987) Plate+ beam [Tension + Bending] LG Piecewise smooth failure criteria Pandey and Reddy (1987) Moreover, the studies carried out on progressive failure by using Finite Strip Method (FSM) are very sparse. To name a token, FSM was, for the first time, used in progressive failure analysis by Cheung et al. (1995) aiming at investigating the behavior of aniotropic panels by using Li failure criterion. In another research, Akhras and Li (2007) used FSM and progressive failure method in order to analyze thick composite plates and imposed Li failure criterion. Furthermore, Zahari and El-Zafrany (2009) proposed a model for analyzing the failure of stiffened plates and composite panels by using FSM on the basis of Mindlin theory. They, also, compared the results with those elicited from ABAQUS FEM and found good conformity. Petit and Waddoups (1969) used the progressive failure method for the first time and applied Classical Laminated Plate Theory (CLPT) for stress analysis. They first calculated the compression and shear values by means of tensile and compression test. The stiffness matrix was then updated at each loading step and finally, the failure point occurred when the stiffness matrix became singular. Van der Meer et al. (2010) developed a computational method for progressive failure analysis in which fiber failure and matrix cracks were analyzed using continuum mechanics.
To the best of authors' knowledge, the studies on the analysis of the stiffened plates and the investigation of their boundary conditions in marine industries are scarce. Only, Chen and Soares used the progressive failure method for analyzing average stress-average strain curves of stiffened marine plates. Given the lack of research in this field, the present study aims at the parametric investigation of these curves. First, the average stress -average strain curves are obtained for stiffened composite plates of ships by using progressive failure method and the effect of different geometric parameters on these curves are then examined for the case of stiffened composite plates.
PROGRESSIVE FAILURE ANALYSIS METHOD
Progressive failure of composite materials is considered in the current analyses for study of postbuckling strength of composite panels utilizing Tsai-Wu failure criterion. After modeling, meshing and initial loading, the values of stresses and deformations are calculated. Then, the magnitude of the failure parameter is computed based on failure criterion. Afterwards, all layers of each of the components are examined aiming at controlling the occurrence of the failure. If failure occurs, the mechanical properties of the materials approach almost zero in the relevant layer.
At the next step, the force is increased incrementally and the above mentioned procedure is repeated until the final failure occurs and the ultimate strength or buckling strength of composite panels is eventually acquired using progressive failure method.
If the stacking of plate and stiffeners are not the same or there are several types of stacking in the structure, the states of all layers should be investigated for the applied finite elements and the inferred stresses in each layer have to be transferred to the relevant coordinate system and the magnitude of stresses is considered in the certain failure criterion.
CHARACTERISTICS OF FINITE ELEMENT MODELS
In this section, boundary and loading conditions, the material of the plates and its properties, the applied software, the type of finite element in use and the reason for its selection are discussed.
The plate models examined in the present study are of the structural components of the ships that can be found in such sections as deck, bottom, sides, bulkheads and tanks. These structures are analyzed to infer their average stress -average strain curves for calculating the final strength of the ship. Note that the average stress -average strain curves of these models are obtained by using progressive failure analysis method. The plates of a ship structure are strengthened by transverse and/or longitudinal stiffeners. The extent of plate models with stiffeners and its relationship with other structural areas of a ship is presented in Figure 2 . The strength of stiffened and unstiffened plate panels can be separately studied by applying real boundary conditions. The extent the models is somehow chosen that each model includes two transverse and longitudinal stiffeners as shown in Figure 3 .
All modeled plates have the aspect ratio of 2 to 3 which is exactly same as that of the real plates used in the structure of composite ships. The geometric and dimensional characteristics of the selected stiffened plates are given in Table 2 . 
Mechanical Properties Symbols Magnitude
Module of Elasticity in main direction of the material Table 2 : Mechanical properties of the material used in this study (Direction 1 is the laminate main direction and direction 2 is the direction normal to direction 1).
The proper selection of boundary conditions and the correct way to apply them on the model is one of the most significant parts of the modeling. If the conditions do not match the reality, then the solutions results will not be reliable, generalizable and valid. The boundary conditions strictly depend on the aspect ratio of the plates in the investigation of the strength of the stiffened plates. -In the case of symmetrical stiffeners, the symmetrical conditions are applied along the lines AG and BH. -In the case of odd and even dimensional ratios, the periodic continuous or symmetry conditions are applied in transverse lines AB and GH in Figure 4 , respectively. -Since transverse beams are not modeled, the deformation of plate points along z axis is constrained to transverse web frame location. Therefore, the deformation of the points is bounded to the lines CD and EF along z. Furthermore, the longitudinal deformation of the plate is coupled in the place of the effect of compressive force.
In this research, it is attempted to present the results as practical as possible; thus, the dimensions and materials used in parametric study are same as those prevalent in shipbuilding. Table 3 tabulates the mechanical characteristics of the applied composite. The modeling and simulation have been performed by using ANSYS software whose structural section was of concern; because every structural problem, regardless of the diversity in components of the structure, can be solved using this section. Note that all pre-and post-processing steps of the Latin American Journal of Solids and Structures 11 (2014) 2203-2226 modeling were carried out by a macro code written in the ANSYS Programming Design Language (APDL).
Owing to the fact that the stiffened plate elements of ships are thin-walled, their out-of-plane stress is negligible but their in-plane stress is determinant. Hence, the modeling of these components is precise enough with shell elements. Therefore, the element Shell 181, that is appropriate for modeling the thin and relatively thick plates and is constructed based on Classic Plate Strain and Mindlin theories, was used in the analyses. These elements are composed of 4 nodes and each node has 6 degrees of freedom. This element is appropriate for linear and nonlinear solutions with large deformations and great angle variations. Also, this element can be used for modeling the composite and laminated materials. One of the important parameters in finite element analysis is the density of meshing which should be so selected to give rise to acceptably precise solutions. Excessive increase in the density of meshing will dramatically increase the time required for the solution. Therefore, the density should be determined accurately. Based on the results of numerous analyses, the density of 40 longitudinal meshes and 15 transverse meshes is finally chosen for the plates. Also, the density of 2 meshes in the height of web, 2 ones in the width of flange and 40 meshes in the length is considered for stiffeners. Given the fact that the mechanical properties of composites vary in different directions, in contrary to isotropic materials, the failure can take place by a combined effect of the stresses. Thus, various states of failure may occur in the structure and obviously, each criterion per se is not able to predict these states. There are a lot of failure criteria to predict the occurrence of failure. The formulations of some of these criteria are presented as follows:
At a glance, it can be said that the criteria of the failure for composite materials are the same as those of the failure for isotropic ones which include such criteria as Maximum Stress criterion, Maximum Strain criterion, and Polynomial criterion. The use of a precise mathematical equation for estimating the failure is strictly constrained to the number of the possible states of failure. It is also noted that the required parameters for two-dimensional failure criteria include longitudinal, transverse and tensile as well as shear strength. As mentioned above, this study uses Tsai-Wu failure criterion which is in good harmony with experimental results. This criterion is reflected as Equation (1). 1  , 2  and 12  are the normal stress in direction 1, normal stress in direction 2 and shear stress in direction 12, respectively.
VALIDATION
To validate the proposed method, the corresponding results were compared with those of similar studies and the results of strength tests of three kinds of composite structures under compressive load, namely plates stiffened by blade stiffeners, plates stiffened by I-type stiffeners, and plates stiffened by hat-type stiffeners. The first two tests were done by Kong et al. (1998) and the last one was done by Smith and Dow (1985) .
Plates with blade and I-type stiffener
Kong et al. (1998) studied composite plates stiffened by I-type and blade stiffeners under the pressure. The details of the models are shown in Figure 5 . The other specifications of the models can be listed as follows: -The length of the plates was 280 mm out of which 15 mm from both ends were being fitted inside the test machine; therefore, the effective length equals 250 mm.
-The loading was in-plane compressive type imposed on both ends as illustrated in Figure 6 .
-The ends were considered as perfectly clamped. 
Mechanical Properties Symbols Magnitude
Module of Elasticity in main direction of the material First, the results of the plates stiffened by blade stiffeners are discussed. As nonlinear analysis is done in which both progressive failure methodology and failure criterion are applied simultaneously. The first failure in panel occurs at the load of 26 kN. Consequently, the decrease of mechanical properties is carried out in components having failed laminate and this process continues until the complete failure of the panel. Note that the panel finally collapses under the load of 27.2 kN. Figure 7 shows the compressive load -end shortening curve and out-of-plane deformation distribution for the panel with blade stiffener. As can be observed in out-of-plane deformation distribution during progressive failure, the third buckling mode occurs in panel after the first failure. Buckling, first, happens under the load of about 5 kN and then, at the load greater than buckling initiation load, the first failure happens in panel. Eventually, panel collapses after some stages of failure and progressive failure and the death of some failed layers due to the excessive deformation caused by failure and buckling. In this analysis, it is concluded that the greatest failure occurs in the layers of stiffener in such panels and the period from the initiation of failure until final failure and collapse is very short. At next stage, the response of plates stiffened by I-type stiffeners is investigated. The width of stiffener wing is 20 mm in this panel. Also, the whole set at the junction of stiffener to the plate is thicker than the plate, which is considered in the analysis. Given the geometry described for the plate stiffened by I-type stiffener, the meshing process was performed by using meshes with different sizes. It is noted that some or all layers of the components may undergo failure at the stage of load increase from failure initiation until the final failure.
Figures indicate that in contrary to panels with blade stiffener, the failure in panel with I-type stiffener occurs more in lamina, and at the moment of failure, panel suffers failure and collapse in central part and in the region lacking stiffener. Load -end shortening curve resulted from the analysis of this type of panel and the results of the other studies (Kong. et al. (1998) As seen in the Figure 8 , buckling initiation load is very close to each other in different methods, but as the load is increased, the difference amongst the methods intensifies. In the investigated panels, the progressive failure method does not result in great differences in the results such that the load of failure initiation and that of final collapse are very close to each other and slightly after the first failure, the structure collapses completely. Also, the time for analysis is very short in present method which indicates that it is capable to be used with an acceptable precision. It is finally concluded that the failure mostly occurred in the stiffening layers and their conjunction with the plate.
Plate with hat-type stiffener
In previous research, Smith and Dow (1985) studied longitudinally stiffened GRP panels with the real scale. The geometric details of the panel are presented in Figure 9 . As well; Table 5 represents the properties of the materials. 
Mechanical Properties Symbols Magnitude
Module of Elasticity in main direction of the material According to Smith and Dow (1985) , the experiment was conducted in a specific steel grillage machine. Also, the force was progressively increased and then was decreased to zero in some stages in order to make it possible to investigate the failures.
As the authors reported, the force was increased to the stress of 25 kg.m -2
, while deformation was invisible, but after exceeding this stress threshold, a whole deformation started to occur in pillar pole mode. Also, the longitudinal stiffeners started to deform upwardly in one side of the bulkhead and to deform downwardly in the other side.
In present study, the panel was nonlinearly analyzed in order to compare the results of the proposed method with those of Smith and Dow's experiment (1985) . Figure 10 shows the finite element model of the panel. This model is composed of five hat-type longitudinal stiffeners ranging along two spans. In addition, the edges of ACE and BDF are free and the edge AB is imposed by an external force whereas the deformation of edge EF is limited in all directions and the edge AB did not deform transversely. The transverse deformation of line CD is constrained in order to model the central bulkhead which is located along line CD. Given that the hatched regions in the main model are built of steel, the materials are defined as steel in the corresponding regions of the model, too. Obviously, the deformations are slight until the stress threshold of >29 MPa and over this threshold, total buckling occurs and finally, a downward span and another upward hatch buckle. Also, the results report that the failure starts in the hatch that buckles downwardly and quickly proceeds in the width of longitudinal stiffeners. It should be mentioned that the failure does not proceed toward the inside of the plate. Figure 11 shows the diagram of vertical deformation of two points P and Q in terms of average stress which is compared with Smith's analysis. Note that point P moves upwardly and point Q moves downwardly. Therefore, the deformation of point P is shown on the right of diagram and that of Q on the left side. The failed elements at the threshold of ultimate strength achievement calculated by the proposed method and the spot of failure in the experiment are represented in Figure 12 . To make a conclusion, as explained earlier, the results of calculations are in agreement with the results of the experiment carried out by Smith and Dow (1985) . 
BUCKLING AND POSTBUCKLING BEHAVIOR OF STIFFENED PLATES

Effect of dimensional ratio on buckling and post-buckling behavior of stiffened flat plates
To study the effect of aspect ratio of stiffened plates on buckling and post-buckling behavior, 10 rectangular stiffened plates with the aspect ratios used in shipbuilding were analyzed. The geometric characteristics of these models named Geo1 to Geo10 are presented in Table 2 . It is worth mentioning that the behavior of stiffened plates depends on their aspect ratio. Also, the behaviors are determined on the basis of the boundary conditions explained in the previous sections.
In stiffened plates with odd or close to odd aspect ratios, the deformation was in the form of one half-wave occurred along each span. In these stiffened plates, in the half-wave where the deformation is downward, the first failure occurs in stiffener and grows within the width, length and layers of the stiffener and stops as soon as it reaches the plate. At this stage, stiffened plate approaches its final failure limit. In addition, no considerable differences were observed in average stress -average strain curve for the plates with different odd aspect ratios.
On the other hand, in stiffened plates with even or close to even aspect ratios, the deformation resembles two half-waves along a span. In these plates, the first failure of the plate occurs in the half-wave whose deformation is downward. As the force is increased, failure occurs in stiffeners and grows in the width, length and layers of the stiffener. Also, the failure, similar to the previous state, stops as soon as it reaches the plate. At this stage, stiffened plate reaches its final failure limit. Again, there is nuance in average stress -average strain curves of the plates in terms of different even aspect ratios. However, this difference was considerable between plates with odd and even aspect ratios. It is noted that the strength value of plates with even aspect ratio was up to 54% more than that of plates with odd aspect ratio. To sum up, average stress -average strain curve and an example of the deformations are given in Figure 15 shows the magnitude of maximum average stress as well as that of energy absorbed until the failure in this process (which is equal to the area under average stress -average strain curve). 
Considering the approximately similar behavior of stiffened plates with odd aspect ratios to each other as well as the almost analogous behavior of those with even aspect ratios to each other, three geometries of Geo 1, Geo 6 and Geo 10 were selected in order to study the effect of initial deformation on the buckling and post-buckling responses in stiffened plates. These geometries were chosen because it is generally tried, in designing ship structures, to somehow choose the spacing between stiffeners that facilitates the building process too. The deformation function for plates with odd aspect ratios is considered to be a sinusoidal one with one half-wave in a span and the corresponding function for plates with even aspect ratios is supposed to be, again, a sinusoidal function, but, with two half-waves along the length. The magnitude of maximum initial deformation equals Im  . The magnitude of Im  is regarded as 1, 3, 5 and 7 mm. Figures 16-18 show average stress -average strain diagrams for three geometries with various magnitudes of initial deformations in which Im is the variable introducing the maximum initial deformation. Figures 17-19 indicate average stress -average strain curves for composite stiffened plate with aspect ratio of 3.33 under four initial deformations. As can be seen, the higher the initial deformation, the greater the strength of the composite plate. Figures 17-19 show average stressaverage strain curve for composite stiffened plate with aspect ratios of 5 and 2 under four initial deformations. In these cases too, the trend is as can be observed in Figure 17 The figures reveal that the total behavior of plates with different magnitudes of initial deformations is not much varied and average stress -average strain curves have similar forms within each group of plates. The failure trend of plates with odd aspect ratios is quite similar. Note that the failure, firstly, occurs in stiffener and as the load is increased, the failed region starts to be quickly extended along the thickness and width of the stiffener and the plate reaches its ultimate strength. The state of ultimate strength happens in stiffener and develops around it. Although the general behavior of stiffened plates did not change with the increase in initial imperfection, the strength magnitude of stiffened composite plates decreased with the increase in the ultimate strength. Figures 19-20 show a summary of the effect of initial deformation on the strength of stiffened plates. As can be seen, initial deformation greatly affects the ultimate strength and when mm 7 Im   , the magnitude of the maximum stress applied to the stiffened can be decreased by 13% and the magnitude of the energy absorbed by stiffened plate until the failure can be reduced by 12%, whereas previous studies have underestimated or even have not dealt with the impact of initial deformation on ultimate strength of composite plates.
Effect of stiffness of stiffeners on buckling and post-buckling behavior of stiffened flat plates
In order to examine the impact of the stiffness of the longitudinal stiffeners on ultimate strength of composite ships, three categories of stiffened panels with the aspect ratios of 2, 2.5 and 3.33 were analyzed. These stiffened panels can be categorized into three groups of low, medium and high strength stiffened panels. The models' categories of these stiffened panels are presented in Table 6 Table 6 : Categories of these stiffened panels.
The average stress -average strain curves of these stiffeners are given in Figures 21-23 which represent the responses of stiffened plates with the aspect ratios of 3.33, 2.5 and 2, respectively. Note that Geo 11, Geo 14 and Geo 1 indicate plates with high, low and medium strength, respectively. The behavior of stiffened plates Geo 1 and Geo 14 are similar to each other while high strength stiffened panel (Geo 11) exhibits a quite different behavior. Furthermore, in high strength stiffened panel (Geo 11) model, the stiffener remained quite un-deformed and only the plate buckled. The buckling mode of plate was alike the buckling of the plate with simple supports and was independent of the boundary conditions defined for the plate. In Figure 23 , the behaviors of low strength stiffened plates (Geo 15) and medium strength stiffened plates (Geo 6) are similar, but high strength stiffened plate (Geo 12) shows completely different behavior. In high strength stiffened plate model, the stiffener remains quite undeformed and only the plate buckles. The buckling behavior of the plate is similar to that of a plate with simple support and is independent of boundary conditions defined for this plate. In Figure 24 , the behaviors of low strength stiffened plates (Geo 16) and medium strength stiffened plates (Geo 10) are similar, whereas high strength stiffened plate (Geo 13) shows a completely different behavior. This was confirmed in Figure 23 and Figures 24 for other aspect ratios of the plate. 
CONCLUSIONS
The previous studies report sparse researches in the area of stiffened plates used in shipbuilding. In addition, the effect of initial deformation on the strength of composite stiffened plates has not been studied yet. In this research, the progressive failure method for composite materials was studied and the model was developed and then validated. Next, different forms of the composite stiffened plates used in marine industries were analyzed in terms of different aspect ratios, stiffener dimensions and initial deformation. A set of analyses was carried out based on nonlinear progressive failure method. Afterwards, average stress -average strain curves were derived.
The investigation of the effect of aspect ratio on buckling and post-buckling behavior of stiffened flat plates of a ship revealed that this parameter considerably affects the buckling and post-buckling behavior of stiffened flat plates; because the behaviors of stiffened plates with odd and even aspect ratios are very different. It was also found that the ultimate strength of stiffened plates with odd aspect ratio was almost half of those of stiffened plates with even aspect ratios. However, in the selected range of aspect ratio, the buckling and post-buckling behaviors of stiffened plates with different odd aspect ratios are very similar to each other and this phenomenon is also true for stiffened plates with different even aspect ratios.
Finally, within investigation of the initial deformation impact on buckling and post-buckling behavior of composite stiffened plates, the form of initial deformation was considered to be same as the first mode of initial deformation of stiffened plates. It was also concluded that initial deformation considerably influences ultimate strength and that when mm 7 Im   . Note that previous studies have not dealt with the impact of initial deformation on ultimate strength of composite plates.
